Pulse radiolysis results suggest that the very first steps of silver aggregation in water involve the formation of Ag 2þ 3 . We present a mixed classical quantum simulation of the absorption spectrum of this aggregate which is in agreement with the experimental spectrum. The formation and structure of this aggregate are discussed with the help of additional Monte Carlo and ab initio calculations. The results tend to confirm the formation of Ag 
Introduction
Silver aggregation in solution has been an active field of chemical physics for many years [1, 2] . A few years ago it was proposed [3] that the very first steps of the aggregation in water, initiated by pulse radiolysis, are the following:
Although the first two steps are obvious, the third one is not, and was proposed on the ground that at the low concentrations of the experiment (4 Â 10 À4 M), dimerisation of Ag may seem mysterious because this aggregate displays a large charge repulsion and only one valence electron.
In this Letter, we present the results of a mixed classical-quantum simulation of Ag 2þ 3 in water, using the VB method for the internal state of the aggregate and the Monte Carlo simulation for sampling the configuration space. This method has already given a spectrum of Ag þ 2 in agreement with measurements [4] . In Section 2 we present Monte Carlo simulations of Ag 2þ 3 in water and discuss the absorption spectrum of Ag 2þ 3 . In Section 3 we discuss the formation of Ag 
Monte Carlo simulation of Ag 2 3 + in water
In the VB method the wave function of Ag 2þ 3 is expanded on the basis of three VB structures:
At each Monte Carlo (MC) step the hamiltonian matrix of Ag 2þ 3 is built in the basis of the W i and diagonalised. This matrix is built with the method explained in [4] , using a fit of the CASPT2 (complete active space SCF supplemented with perturbation theory at order 2) energies of the first three states of free Ag and three-body potentials of [5] . The three body potential was scaled like in [4] , so as to reproduce the MP2 interaction energies of a list of 10 Ag 2þ 3 (H 2 O) 16 gas phase aggregates. For the sake of simplicity we have constrained our system to a linear geometry with one R AgAg distance fixed to 2.72 A, equilibrium distance of Ag þ 2 in simulations of [4] . The other R AgAg distance was allowed to fluctuate. The water potential is the polarisable Kozack and Jordan potential [6] , our simulation therefore includes polarisation explicitely.
We have performed Monte Carlo simulations at constant N (number of particules), P (pressure) and T (temperature), with T ¼ 298 K and P ¼ 1 atm. We have used the Metropolis algorithm and 80 millions of configurations. A parallelipipedic box of 350 water molecules was used, with periodic boundary conditions. We have used a cutoff of 9
A. The simulations show that Ag 2þ 3 remains compact along the simulation, with a mean value of the fluctuating distance: R AgAg ¼ 3:3 A. Although our potential is only designed for constrained geometries, we have done preliminary simulations with the two AgAg distances allowed to fluctuate. We have obtained a slight increase of the distances, only, and no noticeable modification of the spectrum.
Absorption spectrum of Ag 2þ 3
Since the VB basis is of dimension 3 diagonalisation of the H matrix yields two excited states. The histograms of the two transition energies, given in Fig. 1 and in Table 1 , yield the position and the width of the two absorption bands. We now compare our results with the experimental spectrum of [3] , summarised in 3 is strongly polarised, we think that the coincidence of these two bands is fortuitous. We emphasise that usual ab initio methods, like TD-DFT (time dependent technique in the frame of the density functional theory), cannot yield reliable results for such a spectrum, due to the poor treatment of d excited configurations of Ag þ and Ag. For example in gas phase Ag the d 10 s ! d 9 s 2 transition energy is too small (by 0.6 eV), compared to experimental values [8] , if the very usual B3LYP [7] functional is used. This feature originates a large number of spurious low lying excited states in silver clusters. Indeed the 'coupled cluster' CCSD(T) level is required for a realistic description of these systems [9] , which is not usable for hydrated clusters. Since our VB method has yielded a spectrum of Ag þ 2 in agreement with experiments, we consider that it bypasses the ab initio drawback.
Structure of solvated Ag 2þ 3
Our VB formalism enables an analysis of the wave function of Ag We have found that the formation of the dication is due to bridging water molecules, and to an increased polarisation. The polarisation energy amounts to )3.3 eV at 3.3 A and to )1.6 eV at long distance, yielding a polarisation non additivity of )1.7 eV, which is very large.
The average atomic charges for the three states of the aggregate are given in Table 2 . It can be seen that the two excited states display a charge transfer toward the incoming silver cation, and a Ag þ 2 unit which is much more symmetrical than in the ground state. In Table 2 we also give the ab initio atomic charges obtained for two configurations, conf : 1 and conf : 2, randomly choosen in the MC list. These charges have been calculated with the natural bond analysis (NBA) technique, at the B3LYP level and with 6-31g* basis sets for H 2 O and SDD core pseudo potential and basis sets, supplemented with one f gaussian function (exponent 0.3) for the Ag atoms [7] . It can be seen that the charges of the individual configurations are very close to the MC average values. The sum of the ab initio charges does not amount to 2, because a part of the charge is spread out on the water molecules.
We now complete these results with additional Monte Carlo and ab initio calculations, so as to examine the importance of long distances effects, of the geometry relaxation of the cluster, and of the entropy effects. The Monte Carlo (MC) simulations of Section 2 were done with a cation-water cutoff (R c ¼ 9
A), and yielded A from the cations. The Ag 2 F 2 system has a zigzag geometry with 135°(AgAgF) angles. NPT simulations of 160 millions steps have been performed at 298 K and 1 atm. The distance of the two cations in the dimer has been fixed to 4 A, close to the ab initio value of the equilibrium distance (see Section 3.2) and to 12 A. The Lennard-Jones parameters for Ag þ and F À are given in Table 4 We now compare the values of the Eð4 AÞ-Eð12 AÞ quantity obtained with the two methods: the Ewald sum yielded the value +0.1 eV, the cutoff yielded the value +0.8 eV. These numbers show that the effect of the long distances amounts to )0.7 eV and that the long distance corrected MC result for reaction (3) should be close to DU ¼ À0:3 eV, suggesting that the aggregation of Ag þ and Ag þ 2 is exothermic. Since the long range effect results in a constant shift of the diagonal of the VB matrix, it does not affect the absorption spectrum, given in Section 2.1.
Ab initio calculations on Ag 2þ 3
The energetic stability of Ag 2þ 3 can be also investigated with ab initio calculations. We have used the B3LYP DFT method and the SDD and 6-31g* basis sets mentioned in Section 2.2. Bulk water has been modeled with the 'conductor polarised continuous medium' (CPCM) cavity method [7] , and an average area of the tesserea of 0.4 A 2 . This method introduces both the polarisation and the long range effects in a realistic way, but has the drawback that many minima can be found. We also had the issue that the building of the cavity and the energy minimisation proved difficult. Instead of trying a true optimisation, we have rather considered a few configurations of Ag 2þ 3 (H 2 O) 12 displaying various values of the cluster angle, from 169°(conf. 3, quasilinear cluster) to 63°(conf. 6, equilateral). These configurations have been obtained through merging 8 configurations, and performing a few stabilisation steps. In Table 3 we give the geometry parameters, binding energies and NBA charges of these configurations.
It can be seen that the stable configurations (conf. 3 and 4) are linear or slightly bent, and display different structures. The more stable one (conf. 4) is clearly dicationic, but the other one (conf. 3) displays a central Ag. Conf. 5 is also clearly dicationic, and conf. 6 displays equal charges, but is very instable. The value of the binding energy (0.2 eV) is consistent with the corrected MC value (0.3 eV), given above. We also note that the ab initio values of the interatomic distances (see Table 3 ) are larger than that given by the MC simulation. This feature can be due to the fact that geometry optimisation of the solvent in such a charge transfer system freezes the system in a particular VB structure.
The ab initio results therefore suggest that Ag 2þ 3 is slightly bent, and displays an exterior Ag þ , in agreement with the MC simulations. It can be seen also that they enhance the role of the Ag þ AgAg þ configuration, relatively to our MC results. This shows that at the present ab initio level, Ag þ Ag þ Ag and Ag þ AgAg þ configurations are quasidegenerate, or in other words that the Ag atom can be efficiently polarised in two ways, in a dipolar way by the dication Ag 2þ 2 , and in a quadrupolar way between two Ag þ . We have no simple way of comparing the MC and ab initio results conclusively, we now simply recall that both methods have shortcomings. In our simulations the coordination number of Ag þ is overestimated to 6 [4] , and the Ag atom is only polarised through the ab initio calculation of the gas phase cluster, it is thus not sensitive to solvent-induced polarisation. The ab initio results suffer from the imperfectness of the DFT, towards charge transfer [13] , from the use of the bulk value (78.4) of the dielectric constant of water for solvating a dication, and obviously from the complete lack of statistics. A mixed simulation, with a full quantum solute, could probably elucidate this question. It is well known, indeed, that pairs of cations may exist in concentrated solutions, see [14, 15] . Since our MC simulations suggest that Ag 2þ 3 has a dicationic structure, and since a 'potential of mean force' (PMF) curve has been published for the dimerisation of Na The PMF curve of Na 2þ 2 displays an oscillatory behaviour, with two minima at 3.6 and 6
Comparison of Ag
A. The barrier to be crossed for the intimate dimer to form amounts to 1.8 kT (1 kcal/mol if T ¼ 300 K) [14] .
We 12 . The different geometries have been optimised within the B3LYP DFT and the CPCM cavity method, like the clusters of Section 3.1.2. We have initiated the optimisations with a list of configurations randomly taken in the MC list, and found a few minima given in Table 5 . We also give the cation-cation distance in the dimer and the coordination numbers. The results show that Ag 2þ 2 is more stable than Na 2þ 2 , by roughly 0.4 eV. This number suggests that the Table 5 Dimerisation of hydrated Ag þ and Na þ : ab initio values of the dimerisation energy, of the cation-cation distance in the dimer, and of the coordination numbers in the first and second solvation shells (3) is attractive. Therefore the aggregation of Eq. (3) may be considered a reasonable hypothesis, to be confirmed through conclusive simulations.
Conclusion
We have calculated the absorption spectrum of Ag 2þ 3 with mixed classical-quantum Monte Carlo simulations, using a VB description of the wave function of the aggregate, which has yielded a simulation of the absorption spectrum of Ag 
